Abstract. Branched-chain amino acid transaminase 1 (BCAT1) has been associated with numerous types of tumors; however, few previous studies have evaluated the expression and role of BCAT1 in hepatocellular carcinoma (HCC). In the present study, the expression of BCAT1 was detected by reverse transcription-quantitative polymerase chain reaction and immunoblotting in six HCC cell lines and 74 pairs of HCC and adjacent non-cancerous liver tissues. In addition, the correlation between the expression levels of c-Myc and BCAT1 was analyzed using immunohistochemistry. Furthermore, RNA silencing was performed using c-Myc-specific or BCAT1-specific small interfering RNA, after which wound healing and Transwell cell invasion assays were performed. Finally, the clinicopathological characteristics of BCAT1 in patients with HCC were analyzed. It was shown that the expression of BCAT1 was significantly higher in HCC tissues compared with adjacent non-tumor tissues (P<0.001), and in HCC cell lines compared within the L-02 hepatic cell line (P<0.001). In addition, immunohistochemical analyses indicated that the expression of BCAT1 was positively correlated with c-Myc (r=0.706, P<0.001). BCAT1 expression was shown to be downregulated in c-Myc-knockdown cells, and silencing of BCAT1 expression reduced the invasion and migration of HCC cells. Furthermore, a clinical analysis indicated that BCAT1 expression in HCC tissues was significantly associated with the tumor-node-metastasis stage, tumor number and tumor differentiation (all P<0.05), and that BCAT1 was able to predict the 5-year survival and disease-free survival rates of patients with HCC (both P<0.001). The results of the present study suggested that BCAT1 expression is upregulated in patients with HCC, and that BCAT1 may serve as a potential molecular target for the diagnosis and treatment of HCC.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignant tumors and its incidence is increasing. Furthermore, HCC is the third leading cause of cancer-associated mortality worldwide, partly due to its high recurrence rate and early metastasis (1, 2) . In 2000, there were 564,000 new cases and 549,000 mortalities from HCC worldwide, indicating the devastating prognosis of this tumor (3) . In 2008, 746,300 new cases of HCC were diagnosed worldwide, and 695,900 HCCrelated mortalities were reported. In total, >700,000 new cases are diagnosed each year throughout the world and >600,000 mortalities are attributed to HCC each year (4) . At present, the majority of patients with HCC are diagnosed at the advanced stage due to lack of specific clinical manifestations, meaning that patients often miss out on the chance of receiving curative treatments, such as liver resection (5) . In addition, patients with HCC often have a poor prognosis due to the aggressive nature of the malignancy, including a high recurrence rate and metastasis. Therefore, an improved understanding of the mechanisms underlying the recurrence and metastasis of HCC is required in order to identify effective prognostic and therapeutic biomarkers of HCC.
Branched-chain amino acid transaminase 1 (BCAT1), which is also known as cytosolic branched-chain aminotransferase and ECA39, is located at chromosome 12p12.1. It encodes the cytosolic form of the branched-chain amino acid transaminase enzyme, which catalyzes the reversible transamination of branched-chain α-keto acids to branched-chain L-amino acids essential for cell growth (6) (7) (8) (9) (10) . It has previously been suggested that the aberrant expression of BCAT1, and the concomitant defect in branched-chain amino acid transamination, leads to hypervalinemia and hyperleucine-isoleucinemia, and may have an important role in the cell growth, proliferation and apoptosis of numerous tumor types (8, (11) (12) (13) (14) . Furthermore, BCAT1 overexpression has been reported in non-neoplastic diseases of the liver, including chronic hepatitis C and non-alcoholic fatty liver disease (15) (16) (17) . However, the expression and role of BCAT1 in HCC remains unclear.
Previous studies have reported that BCAT1 serves as an oncogenic protein that is upregulated by several signaling molecules, including c-Myc (18) (19) (20) . c-Myc is an oncogene and transcription factor involved in the tumorigenesis of multiple cancers, including Burkitt's lymphoma and breast cancer, by targeting genes harboring the c-Myc-binding element (CACGTG) downstream of their transcription start site (11) . Therefore, c-Myc may have an important role in the development and progression of HCC (20) .
BCAT1 has previously been associated with numerous malignancies due to its role in cell proliferation, cell cycle progression, differentiation and apoptosis (8, (10) (11) (12) (13) (14) . However, little is known regarding the role of BCAT1 in HCC. To the best of our knowledge, the present study is the first to assess the association between BCAT1 and HCC. The study aimed to determine whether BCAT1 may serve as a potential prognostic and therapeutic biomarker for HCC.
Materials and methods
Cell lines. The L-02, SMMC-7721, BEL-7402, Huh-7, HepG2 and MHCC-97H cell lines were obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). All cells were maintained in Gibco Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 µg/ml streptomycin (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany), and cultured in a humidified 5% CO 2 incubator at 37˚C.
Patients and specimens.
A total of 74 HCC and matched normal adjacent samples (>2 cm distance from the margin of the resection) were obtained from pathologically confirmed HCC patients who had undergone surgical resection at the First Affiliated Hospital of Xi'an Jiaotong University (Xi'an, China) between October 2005 and September 2008. None of the patients had received any pre-operative chemotherapy or radiotherapy, and patients with evidence of concomitant extrahepatic disease were excluded from the analysis. HCC stage was classified according to the seventh edition of the tumor-node-metastasis (TNM) classification criteria of the International Union Against Cancer (21) . The present study included 56 males and 18 females with a median age of 52 years (range, 33-75 years). All HCC tissues and matched pericarcinous liver tissues were immediately snap-frozen in liquid nitrogen following surgery and stored at -80˚C until use. Hepatitis B surface antigen (HBsAg) and α-fetoprotein (AFP) levels were obtained from the results of laboratory tests, capsule formation was observed during surgery and Edmonson-Steiner grade (22) was evaluated by an experienced pathologist. All information was recorded for each case. All patients provided informed consent prior to surgery, and all protocols were performed in accordance with the 1975 Declaration of Helsinki. The present study was approved by the Ethics Committee of The First Affiliated Hospital of Xi'an Jiaotong University.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA was extracted from HCC cell lines and tissues using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. In order to avoid DNA contamination, the extracted RNA was treated with RNase-free DNase I (Invitrogen; Thermo Fisher Scientific, Inc.) and quantified by spectrophotometry. Subsequently, cDNA was synthesized using the RevertAid Premium First Strand cDNA Synthesis kit (Fermentas; Thermo Fisher Scientific, Inc.). qPCR was performed using the Applied Biosystems 7500 Real-Time PCR system (Thermo Fisher Scientific, Inc.) and SYBR ® Premix Ex Taq™ II (Tli RNaseH Plus; Takara Bio, Inc., Otsu, Japan). The primer sequences were as follows: BCAT1 forward, 5'-CCA AAG CCC TGC TCT TTGTA-3' and reverse, 5'-TGG AGG AGT TGC CAG TTCTT-3'; and β-actin (internal control) forward, 5'-GGG AAA TCG TGC GTG ACAT-3' and reverse, 5'-CTG GAA GGT GGA CAG CGAG-3'. The reaction conditions for the PCR program were as following: Initial denaturation at 95˚C for 30 sec, followed by 40 cycles at 95˚C for 5 sec and 60˚C for 64 sec. Melting curve analyses were performed to confirm the specificity of the PCR product. Relative mRNA expression levels were determined using the 2 -ΔΔCq method (23) . Reactions were performed in triplicate.
Immunoblotting. Total protein was extracted from HCC cell lines and tissues using radioimmunoprecipitation buffer (catalog no. WB009; HEART Biological Technology Co. Ltd., Xi'an, China). Protein concentration was determined using the bicinchoninic acid kit (Pierce; Thermo Fisher Scientific, Inc.). Denatured protein samples (25 µg) were separated by 10% polyacrylamide gel electrophoresis, and then electrophoretically transferred onto polyvinylidene fluoride membranes (Merck Millipore). The membranes were blocked with 5% skimmed milk in Tris-buffered saline with Tween (TBST) at 37˚C for 2 h, and subsequently incubated with the primary antibodies overnight at 4˚C; the membranes were incubated with rabbit anti-BCAT1 polyclonal antibody (cat. no. ab197941; 1:1,000 dilution; Abcam, Cambridge, UK), mouse anti-c-Myc monoclonal antibody (cat. no. ab32; 1:1,000 dilution; Abcam) and mouse anti-β-actin monoclonal antibody (cat. no. ab6276; 1:10,000 dilution; Abcam). Subsequently, the membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit (cat. no. ab6721; 1:3,000 dilution; Abcam) and rabbit anti-mouse (cat. no. ab6728; 1:3,000 dilution; Abcam) secondary antibodies at 37˚C for 2 h, followed by washing three times with TBST. Protein bands were detected using the Western Blotting Luminol Reagent (cat. no. sc-2048, Santa Cruz Biotechnology, Inc., Dallas, TX, USA). The reactions were detected using the HyGLO™ Chemiluminescent HRP Detection kit (Denville Scientific, Inc., Holliston, MA, USA). The band density was measured using Image Lab 4.0 (Bio-Rad Laboratories Inc., Hercules, CA, USA) imaging software. Expression levels of the protein are assessed by a densitometric ratio of the targeted protein to the β-actin housekeeping protein.
Immunohistochemical staining. Immunohistochemical staining was performed using paraformaldehyde-fixed, paraffin-embedded tissue sections, which were prepared according to a method described previously (14) . The tissue sections were incubated with rabbit anti-BCAT1 polyclonal antibody (cat. no. ab197941; 1:50 dilution; Abcam) and mouse anti-C-Myc monoclonal antibody (cat. no. ab32; 1:200 dilution; Abcam) overnight at 4˚C, followed by incubation with biotinylated goat anti-rabbit (cat. no. SV0002; Wuhan Boster Biological Technology, Ltd., Wuhan, China) and rabbit anti-mouse (cat. no. SV0001; Wuhan Boster Biological Technology, Ltd.) secondary antibodies at 37˚C for 1 h. Each slide was colored with DAB (Sigma-Aldrich, St. Louis, MO, USA) in a dark room, then all the sections were rinsed with running water and counterstained with hematoxylin (cat. no. ST047; HEART Biological Technology Co. Ltd.). Subsequently, the tissue sections were assessed by light microscopy and evaluated blindly and independently by two experienced pathologists. To evaluate the association between the expression of BCAT1 and c-Myc, a semi-quantitative scoring system based on the staining intensity and the percentage of positive liver cells was applied. Immunostaining intensity was evaluated as one of the following four grades: 0, negative; 1 weak; 2, moderate; and 3, strong. The percentage of positive liver cells was categorized into one of the following groups: 0, 0%; 1, 1-10%; 2, 11-50%; 3, 51-80%; and 4, >80%. The immunostaining intensity and average percentage of positive cells were evaluated for 10 independent high magnification fields. The final weighted expression score (0-12) was obtained by multiplying the staining intensity with the percentage of positive cells. The total expression scores for BCAT1 and c-Myc were listed as continuous variables for the correlation analyses. In order to evaluate the effect of BCAT1 protein expression on overall survival, the weighted expression scores of BCAT1 protein were divided into high and low scores using the median expression score as the cutoff point.
Small interfering RNA (siRNA) transfection. siRNAs targeting c-Myc (cat. no. sc-29226) and BCAT1 (cat. no. sc-77222), as well as control siRNA (cat. no. sc-37007), were purchased from Santa Cruz Biotechnology, Inc. MHCC-97H tumor cells were seeded at a density of 2x10 5 cells per well into six-well plates and cultured overnight in a humidified 5% CO 2 incubator at 37˚C. Subsequently, the cells were transfected with 100 nM of the BCAT1, c-Myc or control siRNA using Lipofectamine RNAi MAX Reagent (Invitrogen; Thermo Fisher Scientific, Inc.). Further experiments were performed after 48 h of transfection.
Transwell invasion assay. Matrigel was diluted in serum-free DMEM (1:3) and added to the upper chamber of a 24-well Transwell plate. HCC cells were trypsinized and counted manually under a light microscope. A cell suspension of 5x10 4 cells/ml in serum-free medium was prepared and 100 µl of the suspension was loaded into the upper chamber. The lower chambers were filled with 10% FBS in DMEM. Invasion was halted in a 37˚C incubator (5% CO 2 ) after ~24 h by removing the non-migrated cells from the upper chamber using a cotton swab. The HCC cells that had migrated through the membrane were stained with 0.05% crystal violet after fixing with 4% paraformaldehyde, and were counted under a microscope. At least five fields were randomly selected for counting the mean number of invaded cells in each membrane using ImageJ v1.48 software (NIH, Bethesda, MD, USA). At least three experimental replicates were performed.
Wound healing assay. MHCC97H cells transfected with BCAT1 or control siRNA were seeded at a concentration of 5x10 5 per well onto 6-well plates and cultured to full confluency. Scratch wounds were made across the surface of the plates using a 10-µl pipette tip and the suspension cells were removed using phosphate-buffered saline. Cells were cultured in serum-free DMEM medium in a humidified 5% CO 2 incubator at 37˚C for 48 h, after which images of the plates were captured using a phase-contrast microscope. At least five replicate experiments were performed.
Follow-up. Follow-up of the patients in the present study was performed on December 31, 2013. The duration was defined as the interval between the date of surgery and the date of mortality or last follow-up. The follow-up time ranged from 6-78 months and the median time was 58.5 months. All patients received follow-up visits once every 1-3 months in the first year and every 3-6 months thereafter. The follow-up protocol included a physical examination, measurement of serum AFP levels, a chest X-ray and abdominal ultrasonography. Computed tomography, magnetic resonance imaging or positron emission tomography was performed to assess the occurrence of tumor recurrence. During the follow-up period, 59 patients (79.7%) were shown to have intrahepatic tumor recurrence and 11 patients (14.9%) had developed distant tumor metastases.
Statistical analysis. Statistical analyses were performed using SPSS 16.0 software (SPSS Inc., Chicago, IL, USA). The Spearman's rank correlation coefficient was applied to evaluate the association between ordinal data, and the χ 2 test or Fisher's exact test was performed for comparisons of categorical data. The expression levels between groups were compared using the Mann-Whitney U test. Overall survival and disease-free survival rates, and mortalities associated with tumor recurrence or metastasis, were analyzed using the Kaplan-Meier method, and differences between curves were assessed using the log-rank test. Independent prognostic factors were assessed by the Cox proportional hazards stepwise regression model. Data are presented as the mean ± standard error of the mean. P-values were two-sided. P<0.05 was considered to indicate a statistically significant difference.
Results

Expression of BCAT1 in HCC tissues and cells.
The expression levels of BCAT1 in cell lines and tissues were determined using RT-qPCR and western blotting. The expression levels of BCAT1 were significantly lower in the L-02 cells compared with the HCC cell lines (all P<0.001; Fig. 1A and B) . Similarly, BCAT1 expression levels were significantly higher in HCC tissues compared with adjacent non-cancerous liver tissues (P<0.001; Fig. 1C and D) .
Association between BCAT1 expression and clinicopathological parameters. To investigate the clinical significance of BCAT1 in patients with HCC, the associations between the BCAT1 expression levels (high or low) and clinicopathological parameters, including patient gender, age, detection of HBsAg, AFP level, tumor size, tumor number, vascular invasion, cirrhosis, capsule formation, Edmondson-Steiner grade and TNM stage, were investigated. The median expression score of BCAT1 protein was used as a cutoff point to divide patients into high and low expression groups. Notably, the expression levels of BCAT1 were significantly associated with the Edmondson-Steiner grade, tumor number, vascular invasion and TNM stage (all P<0.05). However, no significant association was observed between the expression levels of BCAT1 and the patient gender, age, HBsAg, AFP level, cirrhosis and capsule formation (all P>0.05). The results are shown in Table I .
High expression levels of BCAT1 are associated with a poor HCC prognosis. The median expression score of BCAT1 protein was used as a cutoff point to divide patients into high and low expression groups for a clinical association analysis. Univariate prognostic analyses and multivariate Cox regression models were applied to assess the association between the expression levels of BCAT1 and the overall and disease-free survival rates (Fig. 2) . The patients with high BCAT1 expression levels showed significantly reduced overall and disease-free survival rates (P=0.002). The 5-year overall survival rate of the low BCAT1 expression group was 66.8%, which was significantly higher than that of the high BCAT1 expression group (33.2%) (P=0.002). In addition, the 5-year disease-free survival rate of the low BCAT1 expression group was 58.5%, which was also significantly higher compared with that of the high BCAT1 expression group (30.5%) (Fig. 2) . The associations between the overall and disease-free survival rates and the clinicopathological parameters in the HCC patients were determined by a univariate analysis. The univariate analysis demonstrated that vascular infiltration, tumor number, Edmonson-Steiner classification, TNM stage and the expression level of BCAT1 were all significant prognostic factors for HCC (P<0.05). The results are shown in Table II .
Stratified univariate and multivariate analysis.
In a multivariate analysis model, the expression levels of BCAT1 were significantly associated with the overall (HR, 2.546; 95% CI, 1.427-4.543; P=0.002) and disease-free (HR, 2.443; 95% CI, 1.392-4.290; P=0.002) survival rates (Table III) . Multivariate analysis indicated that the expression level of BCAT1, Edmonson-Steiner classification and tumor number were all independent prognostic factors of HCC (Table III) .
Association between BCAT1 and c-Myc protein expression levels. To determine whether the expression level of BCAT1 was correlated with c-Myc expression in patients with HCC, immunohistochemical staining was performed. The protein expression levels of c-Myc protein level were significantly higher in the HCC tissues compared with the corresponding adjacent non-tumorous tissues (P<0.001; Fig. 3A ). In addition, the correlation between BCAT1 and C-Myc protein expression levels was analyzed. Notably, there was a significant positive correlation between the protein expression levels of c-Myc and BCAT1 (r=0.706; P<0.001; Fig. 3B ). Table I . Associations between BCAT1 expression and clinicopathologic features of patients with hepatocellular carcinoma. 
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c-Myc-knockdown reduces BCAT1 expression. A previous study reported that c-Myc was able to upregulate BCAT1 expression in nasopharyngeal carcinoma (11) . Therefore, to further elucidate the underlying mechanism of BCAT1 in HCC cells, MHCC-97H cells were transfected with c-Myc-specific siRNA. Silencing of c-Myc expression was shown to significantly downregulate the expression of BCAT1 in MHCC-97H cells (P=0.005; Fig. 4A ). Furthermore, BCAT1-specific siRNA was used to knockdown the expression of BCAT1 in MHCC-97H cells. Compared with the control group, the silencing of BCAT1 did not significantly alter the protein expression levels of c-Myc (Fig. 4B) .
BCAT1-knockdown suppresses cell invasion and migration.
To further investigate the underlying mechanism of BCAT1 in HCC, the effect of BCAT1 on MHCC-97H cell migration and Table II . Univariate prognostic analysis of overall and disease-free survival rates in patients with hepatocellular carcinoma.
Overall survival rate Disease-free survival rate invasion was investigated using BCAT1-specific and control siRNA. Compared with the control group, BCAT1-knockdown significantly repressed cell migration and invasion ( Fig. 4C-F) .
Discussion
At present, liver transplantation and radical liver resection are the main curative treatments for patients with HCC (24) . However, the prognosis of HCC remains unsatisfactory and the overall survival rate of affected patients remains markedly low (25) . Therefore, elucidation of the mechanisms underlying the pathogenesis of HCC is important in order to identify effective prognostic and therapeutic biomarkers for the disease. Increasingly, targeted therapy has exhibited encouraging outcomes for numerous tumors (26) (27) (28) (29) ; thus, efforts should be made to identify novel tumor biomarkers with clinical utility for the treatment of HCC. BCAT1, which is the cytosolic form of the enzyme BCAT, catalyzes the reversible transamination of branched-chain α-keto acids to branched-chain L-amino acids essential for cell growth (6) (7) (8) (9) (10) . Previous studies identified positive BCAT1 expression in c-Myc-induced tumors, and demonstrated that BCAT1 was directly regulated by c-Myc through its binding to the specific DNA sequence, CACGTG. c-Myc is an oncogene and Table III . Multivariate analysis of factors contributing to overall and disease-free survival rates in patients with hepatocellular carcinoma.
Overall survival rate Disease-free survival rate transcription factor involved in the tumorigenesis of numerous cancers, including Burkitt's lymphoma and breast cancer. Furthermore, it was reported that c-Myc upregulated BCAT1 expression, which in turn led to the proliferation, migration and invasion of nasopharyngeal carcinoma (11) . Although BCAT1 has been investigated in several tumor types, including colorectal cancer (6) , few previous studies have evaluated the role of BCAT1 in HCC (30) . Considering that c-Myc regulates BCAT1 expression, the present study aimed to verify whether c-Myc is involved in the expression of BCAT1 in HCC tissues and cell lines. Since carcinogenesis is characterized by uncontrolled cell growth and alterations in the expression patterns of various molecules associated with the modulation of cell migration and invasion (8, (11) (12) (13) , the identification of these molecules is valuable for the development of effective therapeutic strategies.
In the present study, the expression levels of BCAT1 in several cell lines were initially detected, and it was demonstrated that the expression levels of BCAT1 in HCC cell lines were significantly higher compared within the L-02 immortalized normal human liver cell line. In addition, the expression levels of BCAT1 in tumor tissues derived from a relatively large population of HCC patients were determined, and it was shown that the expression levels of BCAT1 were upregulated in HCC tissue compared with tumor-adjacent tissues. Further studies demonstrated that the expression levels of BCAT1 protein were positively correlated with those of c-Myc, which indicated that c-Myc may be partially responsible for the high expression levels of BCAT1 in HCC tissues and cell lines. For better elucidation of the role and underlying mechanisms of BCAT1 in HCC cells, the effects of c-Myc-and BCAT1-knockdown on MHCC-97H cells were investigated. As was expected, c-Myc-knockdown was found to downregulate BCAT1 expression in MHCC-97H cells. Furthermore, the expression of BCAT1 was associated with the biological characteristics of HCC cells, since it was demonstrated that knockdown of BCAT1 expression repressed the migration and invasion of MHCC-97H cells. Taken together, these results support the hypothesis that BCAT1 has a critical role in the migration and invasion of HCC, and that its expression may be regulated by c-Myc. Therefore, BCAT1 may serve as a potential biomarker for the diagnosis and treatment of HCC.
In the present study, the associations between the expression levels of BCAT1 and the clinicopathological parameters and prognosis of patients with HCC were analyzed. It was demonstrated that the upregulation of BCAT1 was significantly correlated with lower overall and disease-free survival rates, and other clinicopathological parameters, including the Edmondson-Steiner grade, tumor number, vascular invasion and TNM stage.
In conclusion, the present study demonstrated that BCAT1 was upregulated in HCC tissue samples and cell lines compared with normal adjacent tissue samples and the L-02 immortalized normal human liver cell line, respectively. Furthermore, the BCAT1 expression level was positively correlated with c-Myc expression, and knockdown of c-Myc in HCC cells resulted in the downregulation of BCAT1. In addition, knockdown of BCAT1 expression was shown to repress the migration and invasion of an HCC cell line. The results of the present study suggested that BCAT1 is important for the migration and invasion of HCC and may represent a novel prognostic biomarker for the disease.
